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Space Radiation Effects

1) Single Event Effects (SEE)
- Hard / Permanent
- Soft / Recoverable

2) Total lonizing Dose (TID)
- Usually dominated by protons
- Electrons are important for some planetary missions

3) Displacement Damage (DD)
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Galileo Total Dose Problem

Critical Part (DG181)

- All Galileo parts were subjected
to thorough radiation testing

- Failures did not occur until
radiation level was close to
design level

Radiation

- New programs use less stringent
design methods 78



X2000/Europa Shielding Analysis

1 Grad outside Spacecraft!

Spacecraft 10 Mrads

Electronics Chassis
360 mils Al

667 krad

Die
(1.2 Mrad)

Additional 1.7 inches of Al
shielding around the die
provide 30 krad dose which
A allows use of 60 krad die

with RDM of 2.0
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Outline

- Radiation Environment Shielding
- Basic Mechanisms

- MOS

- Bipolar

- COTS

- Testing

- Warnings and Misconceptions

- Recommendations
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Near Earth TID Environment

Proton Belt

Outer Electron Belt

o ——
- =~

Atlantic
Anomaly

- Total accumulated dose depends on orbit altitude, orientation, and tige.



Dose [rad (Al)]

TID Shielding

- Electrons more effectively shielded than protons
- Incremental shielding gives diminished returns

Low Earth Orbit
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Total Dose Effects in MOS Devices

Charge trapping in SiO, and at Si/SiO,, interface.
1. Oxide Trapping (N,) SiO, Leakage
2. Interface Trapping (N,) +++ + F+++ 4+
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Basic Mechanisms

(1) Electron-Hole (e/h*) Pair Generation (5)
- ~17 eV / pair for SiO,

(2) e/h* Pair Recombination / Yield
- Source
- Field

(3) Electron and Hole Transport
- e ~psec
-h* ~msec - sec

(4) Hole Trapping
- Precursor Density
- Cross section

(5) Interface Trap Formation

- Delayed buildup &

DEVICE PARAMETER SHIFT 84



What Is a rad?

1 rad =100 erg / gram

# electron-hole pairs (SiO,) ~ 8.1x10'? /cm?3 / rad

Energy Unit Conversion of rad pSi02
# palrs 100 ergs 107 J oV s 3
rad-cm3 [ gram ) ( erg ) ( 1.6X1O'19J)] (2.2 g/ cm?)
17 +/- 1 eV

(electron-hole pair creation energy in SiO,)
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Recombination and Yield

- Radiation source and oxide field dependent
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Total Dose Defects in MOS Devices

Hole Trapping - Nor

+4++ + A+ +

+ c :
Oxygen Vacancy Buried Oxide

E' Precursor E' Center

Interface Trap Formation - NE

@ @ Radiation Damage Participants

SN AT
}SD & @ E', P,, P, H, E'H, H*, HO, H,, h*
(s) (&)

Silicon Substrate




Influence of Hole Traps and Interface Traps
on CV and IV Curves

CcV
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Influence of Interface and Oxide Trapped Charge

N-MOSFET Threshold Voltage, V,,

Interface Stat
Contribution

Initial

Timing
Failures

[log] Total

Trapped Hole
Contribution

%,

Gate Oxide / “ae /_

lonizing Dose (rads (si))

Leakage
Current
Failures
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AV (VOLTS)

1.5

1.0

Effects of Bias

- Bias has a strong influence on the radiation response
- Powering down a device can sometimes improve radiation response
- A powered device is not always worst case

AV, vs. Gate Voltage
I

I

DOSE = 106 RADS
d, =700 A

I I

|

-10 -5 0 +5

GATE VOLTAGE (VOLTS)

+10

THRESHHOLD VOLTAGE (V)

Dynamic vs. Static Bias

I I LN I

L I L

/100 kHz

BIAS DURING
IRRADIATION

| Lt |

Lt |

Ll

PRE-RAD

104 10°
DOSE (rads)



Annealing

1) Tunnel Annealing
- Spatial Dependence
- Log time dependence
2) Thermal Annealing
- Energy Dependence
- Temp. Dependence

Traps

GATE

SILICON
OXIDE Ec
0 B
0900
"0.3.24— 1) Electron Tunneling
60090
0ge°
o
o

2) Electron Thermal Emission
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Dose Rate Effects

- Hole traps and interface traps build-up and anneal on different time scales.

- Irradiation at different dose rates can produce different failure mechanisms and
total dose hardness.

- When time is considered, dose rate effects in CMOS disappear.
AV, vs. Dose
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Interface Traps
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Oxide Thickness

Trapping drops off steeply in thin oxides but there are still problems:
1) Radiation Induced Leakage Currents (RILC) in ultrathin oxides
2)Thick oxides:

i. Power MOSFETs
ii. Field oxides

lii. Silicon-on-insulator (SOIl) buried oxides

vi. Bipolar devices.
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g (A)

Radiation Induced Leakage Current (RILC)

- Reported in thin oxides (<10 nm) at high doses (>1Mrad).

- Similar to stress induced leakage current (SILC).

- Thought to be due to trap assisted tunneling.

- Possible failure mechanism for flash memories.
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Field Oxide Leakage

- Field oxides thick and poorly controlled.

10-2 - Dominant failure mechanism for
commercial processes.
10-4 - Geometry is critical.
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SOl Advantages:

Silicon-on-Insulator (SOI)

1. Total Isolation

2. SEU Immune

3. High Speed

4. Low Power

5. Latchup Eliminated

New SOI Total Dose Leakage Paths:

DRAIN CURRENT (AMPS)

1. Back Channel Leakage
2. Sidewall Leakage
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Erase Voltage (V)

14

N
o

Flash Memories

Measurements made on
unlidded unit with special probe

Eailed to erase
T

Samsung 128 Mb

Range of failure
Flash memory g -

levels for other >

units in ERASE
or WRITE mode
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Total Dose [krads (Si)]



Linear BJT

Structure of a bipolar transistor

\_n+ EMITTER _“/ \_n+ J
p-BASE 1w J

C BASE WIDTH

n-COLLECTOR
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Bipolar Transistor: Gain Degradation

COLLECTOR-BASE INVERSION REGION
DEPLETION REGION AFTER IRRADIATION
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- Charge trapped at and near the interface above the base region can degrade gain
and increase leakage. 99



Gain Degradation of Two Transistor Types Used on

Cassini
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Extremely Low Dose Rate Sensitivity (ELDRS)

6
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- Some bipolar device show extreme degradation at low dose rates. 101
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ELDRS
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(a) TIME ZERO

(b) ~HIGH RATE

(C) ~LOW RATE
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ELDRS in Space: LM124 Op-Amp
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*Titus et al., IEEE Trans. Nucl. Sci. 46, 1608 (1999).




Testing

MOS Testing: MIL-STD 883D, 1019

BiPolar/ELDR: ASTM F-1892 Pre-screen

Irradiate to spec. level
60Co, 50-300 rad(Si)/s

v

No
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Optional Room Temp. Anneal

No
<_

Reject
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v
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Additional 50%
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No

v
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Worst case static bias

'

Yes

<4—— | Pass Test? |—p»

Group 1: Irradiate at ~50 rad(Si)/s
g 2500 S If 20r 3
worse
Group 2: Irradiate at ~50 rad(Si)/s tr:ﬁnnl’
& 100°C —> | e
fail part or
Group 3: Irradiate at 0.01-0.1 test
rad(Si)/s & 25°C —> | further.
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i
&
=
o _
<
g
= _
v
Parts OK -6'51 “‘ ““‘1‘0 “‘ ““1‘c‘)o 106 1000
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INPUT BIAS CURRENT (nA)
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COTS Variability: OP27 Op-Amp

100 rad (Si)/s
17 UNITS TESTED (ONE LOT)

5 10 15 20 25
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30
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COTS: Same Part, Different Failure Mechanism

Idd, mA

600 |

400 [~
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COTS / ELDRS Part Variation: Same Manufacturer

Change in Input Bias Current (nA)
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COTS / ELDRs: Manufacturer Variation

Change in | g (nA)

1000 £ | | | | |
B Vendor C
3 <>/<>/<>/<>
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Vendor v
10 — B
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Warning: Space Qualified Isn’t Always

Lowest Fully Functional Voltage (V)

Dose Rate = 10 rad(Si)/s

Date Code 9424
/"Space Qualified™

Date Code 9411
""*Space Qualified"

T Date Code 9522

""Commercial Device"

I I | I | | I | I
0 10 20 30 40 50 60 70 80 90 100

Dose (krad (Si))
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Warnings / Common Misperceptions

- No bias does not mean that no damage will occur
- Linear IC’s can exhibit more damage when unbiased
- Discrete transistor damage is about a factor of two lower when unbiased

- CMOS bias effects are very complex
Generally some improvement when parts are unbiased
Needs to be checked on part-by-part basis

- Radiation data is not “generic”
- Do not assume that data from one manufacturer applies to same part type
from another manufacturer
- Radiation response may change as manufacturing process evolves

- Characterization data must encompass use conditions
- Example: linear IC data with +/- 15V power supplies cannot be used for 5/0 V
applications
- Total dose data bases are of limited value

- Be aware of ELDRS
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Recommendations

1. Get Radiation Testing office involved early

2. Consider using a part where radiation data already exists

3. When radiation testing is done, prepare course of action for parts that fail
- Shielding
- Redesign
- Scheduling delay/cost factors

4. Lot acceptance testing is generally recommended (except for missions
with very low levels)

5. Use extreme care when archival data is used
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Conclusions

Total dose effects have not been a major factor in older missions
- Thorough radiation testing and parts control
- Conservative design specifications

Total dose effects will be more important for new systems
- Minimal radiation testing and parts control
- Less conservative design specifications
- New effects (particularly ELDRS)
- Subtle failure modes in complex parts

Sensitive Technologies
- Technologies with internal charge pumps (e.g., flash memories)
- High-precision linear integrated circuits
- Field oxide failures in advanced CMOS

Most Total dose problems are avoidable or preventable
- Total dose must be a design criteria
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Typical Total Dose Failure Levels of Various
Technologies

Technology Failure Level [Krad(Si)]
Linear IC's 2-50
Mixed-signal IC’s 2-30
Flash Memories 5-15
DRAMs 15 -50

Microprocessors 15-70
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